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Abstract A versatile OPO-based cavity ringdown spec-
trometer is reported for quantitative and sensitive gas mea-
surement down to nmol/mol levels. The system is based on
cavity ringdown spectroscopy (CRDS) in combination with
a continuous wave optical parametric oscillator tunable from
2693 to 3505 nm. Using a single set of CRDS mirrors, spec-
tra were recorded of methane, ethane, benzene, propane, wa-
ter, acetone and formaldehyde. Gas mixtures were gravimet-
rically prepared in cylinders or via dynamic generation us-
ing diffusion tubes (formaldehyde). Results were compared
with data from the Hitran, PNNL and NIST databases. Good
agreement was found with PNNL and NIST data for most
molecules while agreement with Hitran was less for ethane
and formaldehyde.
1 Introduction
Gas monitoring systems based on laser spectroscopy have
become standard equipment in industry and research envi-
ronments due to their sensitivity, selectivity, and speed of
measurement. Fields that are served include environmental
monitoring, purity analysis of gases in the semiconductor
industry, and leak detection in the oil and gas industry. Ex-
isting gas monitoring systems are in general limited to mea-
surement of a single component as they are equipped with
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standard continuous wave diode lasers that lack wide tun-
ability. Analysis of multiple components requires the use
of a light source covering a wide wavelength range. In the
near-infrared a multitude of inexpensive fibered lasers with
a limited tuning range have been combined [1]. In the mid-
infrared range, recent developments with external cavity
quantum cascade lasers are promising. Nowadays, tuning
ranges exceeding 100 cm−1 in combination with an output
power greater than 100 mW can be achieved [2]. Differ-
ence frequency generation sources based on widely avail-
able near-infrared lasers form another alternative. Employ-
ing waveguide instead of bulk PPLN crystals results in high
conversion efficiencies with output powers up to tens of
mW ([3] and references therein). Wide tuning can also be
achieved by optical parametric oscillators (OPOs). Tuning
ranges in the order of 1000 cm−1 in combination with output
powers of more than 1 watt have been achieved [4–6]. Their
high output power renders them ideal as a source for pho-
toacoustic spectroscopic techniques [7, 8] while their nar-
row line width makes them also a useful source for high-
resolution spectroscopy [9, 10]. Recently, several reviews
have appeared that focus on developments in the design,
operation, and spectroscopic applications of tunable OPOs
[11, 12].
Accurate spectroscopic gas detection requires reliable
spectroscopic data and good reference gas mixtures. When
one only relies on spectroscopic data, knowledge of accu-
rate absorption strengths and their uncertainty is of key im-
portance. The Hitran and GEISA databases are two of the
best known and most extensive resources containing several
million line strengths of tens of molecules [13, 14]. Data are
based on a combination of experimental work and theoret-
ical calculations. They have proven to be useful resources
for applications such as planetary observations or radiative
transfer calculations. Care should be taken not to rely on
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these databases as a sole source for calibration of a gas de-
tection system. If possible, calibration of the system with
an appropriate set of certified reference gas mixtures should
be performed. In some cases, this may not be possible such
as in differential absorption LIDAR, combustion research
or satellite measurements. However, one should be aware
that this may lead to erroneous results. For example, using
near-infrared spectroscopy, the SCIAMACHY instrument
onboard ESA’s ENVISAT satellite observed unexpectedly
large tropical emissions of methane [15]. Recently however,
a retrieval error was identified related to inaccuracies in wa-
ter vapor spectroscopic parameters, causing an overestima-
tion by 30% of methane amount correlated with high wa-
ter vapor abundances [16]. Another example is formed by
the formaldehyde line intensities in the strong 3.6 µm band;
Perrin and co-workers found out these to be on the aver-
age 28% stronger than those quoted in the HITRAN 2004
database. Several studies are based on these incorrect line
strengths [17]. Accurate determination of line strengths is
complex and very time-consuming. The best results up to
now reach an accuracy of 0.1% and have been obtained on
well-isolated lines of small molecules such as CO2 [18].
Many molecules do not readily lend themselves to a line-
by line description such as species possessing very dense
spectra and numerous low-frequency modes of vibration. In
this case, one has to rely on databases which encompass
FTIR absorption spectra that are normally recorded at at-
mospheric pressure and temperature. Unfortunately, many
of them suffer from low resolution, lack of sample quantifi-
cation, and use of impure samples which limits the useful-
ness of these databases. Two databases which we do found
useful are the NIST library and the PNNL database [19, 20].
Data consists of composite spectra obtained from measure-
ments on at least 9 different partial pressures of the com-
pound. For both databases an extensive description of the
used methods and accuracy budget is available. For most
compounds, the relative expanded uncertainty (k = 2) of the
NIST database is between 2% and 2.3% and it is lower than
3.1% for the PNNL database. The instrumental resolution is
0.125 and 0.112 cm−1, respectively. It should be noted that
both databases just like any FTIR library have limitations re-
garding applications outside their intended temperature and
pressure ranges.
Here, we report on a spectrometer which can quantita-
tively detect tens of different gases down to nmol/mol lev-
els. The system is based on cavity ringdown spectroscopy
(CRDS) [21] in combination with a continuous wave op-
tical parametric oscillator tunable from 2693 to 3505 nm.
Using a single set of CRDS mirrors, spectra over typi-
cally several wavenumbers were recorded of a variety of
compounds including ethane, benzene, propane, acetone
and formaldehyde. Gas mixtures were gravimetrically pre-
pared in cylinders or via dynamic generation using diffu-
sion tubes (formaldehyde). Results were compared with data
from the Hitran, PNNL and NIST databases. Finally, the sys-
tem was applied to the purity analysis of carbon monoxide
and methane.
2 Experimental approach
A schematic of the experimental set-up is shown in Fig. 1
which encompasses a continuous wave optical paramet-
ric oscillator in combination with cavity ringdown spec-
troscopy. As a pump source for the optical parametric os-
cillator a 7.8 watt, single-frequency DFB fiber laser cen-
tered at 1063.9 nm is operated (Koheras). The laser can
be tuned thermally over 45 GHz or via applying a tensile
strain to the fiber using a multi-layered piëzo over 53 GHz
(fast). The combined tuning range is 90 GHz. The stated
line-width of the laser is better than 70 kHz. After passing
through a free-space isolator (Electro-Optics Technology),
the pump laser is tightly focused in a MgO-doped (5 mol%)
congruent periodically-poled lithium niobate (PPLN) crys-
tal (50 mm × 8 mm × 0.5 mm) with poling periods rang-
ing from 28.5 to 31.5 µm (HC Photonics). The crystal has
1◦ wedges on both sides to reduce etalon effects and sup-
press feedback into the pump laser. The crystal is placed in
an oven made of peek (polyetheretherketones), which can
be machined much easier compared to the more commonly
used ceramic materials. The crystal is placed in a bow-tie
optical cavity which is resonant for the signal wavelength.
A 400 µm thick solid uncoated YAG etalon (free spectral
range is 7 cm−1) is placed in the cavity to suppress mode
hops.
The OPO cavity is enclosed in a thick aluminum housing
which is flushed with dry nitrogen to improve the stability
Fig. 1 Light from the pump laser is coupled into the OPO via a colli-
mator (COL), Faraday isolator (FI) and AR-coated focusing lens (L1).
The output of the OPO is collimated using an uncoated CaF2 lens (L2).
Signal and residual pump are separated from the idler using a dichroic
beams splitter (DBS). Part of the idler beam is directed to a wave-
length meter using a ZnSe window placed near Brewster angle. The
idler is guided through an acousto-optic modulator (AOM), and via
mode-matching optics (L3) coupled into the ringdown cavity. Length
of the cell is modulated at 35 Hz using a ring piëzo (PZT). Light emerg-
ing from the cell is focused with a lens (L4) on a fast photodetec-
tor (PD)
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and output power at certain wavelengths that are absorbed
by gases in the atmosphere. The idler wavelength can be
tuned from 2693 to 3505 nm with a maximum idler output
power of 1.2 watt around 3270 nm. The idler wavelength
is measured using a wavelength meter (model 621A, Bristol
instruments). The stability of the idler frequency (better than
30 MHz over a period of 10 seconds) and power are good
taking into consideration that no active stabilization is used.
A standard detection scheme is used to record the ring-
down events. The 40 cm long cavity consists of two highly
reflective mirrors from Los Gatos Research Inc. with a max-
imum reflectivity of 99.987% at 3150 cm−1 (correspond-
ing to a decay time of 10.5 µs). The cell volume is 150 ml.
The cavity length is modulated over one free spectral range
at a frequency of 35 Hz by means of a ring piezo-electric
transducer attached to one of the mirrors. Light emerging
from the cell is focused on a Peltier-cooled (HgCdZn)Te
photodetector (PVI-2TE-5, Vigo Systems S.A.). Once suffi-
cient intracavity light intensity has built up, the idler beam is
rapidly extinguished using an acousto-optic modulator as a
fast switch. Spectra are recorded by measuring the ringdown
time as function of the frequency. For spectra spanning up to
53 GHz, only pump laser tuning is used which takes about
90 seconds per scan. For spectra up to 210 GHz, this is com-
bined with scanning of the etalon, while for even wider spec-
tra temperature tuning of the PPLN crystal is needed [22].
Typically ten scans are averaged. The minimum detection
limit is 6 × 10−8 cm−1 in the short-term (1 second) and
5 × 10−9 cm−1 in the long-term (5 minutes) at 3150 cm−1.
The gas flow from the cylinders to the cell is regulated
using mass flow controllers (flow rate between 5 and 30 l/h).
At the exit of the cell, a combination of a pressure regula-
tor and a membrane pump are used to maintain a constant
pressure in the cell during operation. The ringdown cell is
equipped with a pressure sensor (Edwards Barocel) and ther-
mistor (Tempcontrol) for temperature measurements. Mea-
surements in this work were recorded at atmospheric pres-
sure and a temperature of (20 ± 1)◦C.
All gas mixtures used in this work were prepared in
house. Formaldehyde was generated dynamically following
ISO 6145. All other compounds were prepared as cylinder
mixtures following ISO 6142 which describes the prepara-
tion of calibration gas mixtures using gravimetric method.
Keys to the accurate preparation are the use of high purity
compounds, suitable cylinders and good facilities for weigh-
ing gas cylinders. Relative measurements are done against
a reference cylinder to compensate external variables such
as the changes of the temperature, humidity and buoyancy.
The nitrogen which was used for preparing the gas mixtures
was of high purity and was analyzed separately on impuri-
ties. Amount of substances ranged from 10 nmol/mol up to
5 µmol/mol with typical uncertainties of less than 1 percent.
Mixtures were made in 5 liters cylinders with a pressure of
about 100 bars.
The accuracy of the derived measurements depends on
several factors including uncertainties in pressure and tem-
perature, interferences by other compounds, and photode-
tector non-linearity. In comparison to near-infrared photode-
tectors, mid-infrared photodetectors have a markedly larger
non-linearity [23]. The non-linearity results in an overesti-
mation of the decay times both of the sample and back-
ground (high purity nitrogen). Overall the calculated absorp-
tion coefficients will be too small. The non-linearity of the
photodetector used in this work was measured to be ≤0.5%
over the intensity range used. The influence of the time re-
sponse of the photodetector (20 ns) is negligible as typical
decay times are between 5 µs and 10 µs. For strong absorp-
tions, the expanded uncertainty (k = 2) of the measured ab-
sorption coefficients is about between 2% and 3%. In case of
strong interferences (often water vapor) or at the edge of the
ringdown mirror reflectivity bandwidth, this value is higher.
Note that we assumed that the concentration of the com-
pound in the ringdown cell equals that of the gravimetrically
determined value. This might not be correct for all com-
pounds due decomposition or polymerization of the com-
pound (e.g. formaldehyde) or adsorption in the flow system
or gas cylinder (especially an issue for polar molecules like
acetone).
3 Experimental results ethane (C2H6)
Figure 2 depicts a measurement of 10 nmol/mol ethane and
of pure nitrogen. A good signal to noise is obtained at this
low concentration level. The detection limit for ethane is be-
low 1 nmol/mol (SNR = 3). In nitrogen the increasing de-
cay time at higher frequencies is due to a small yet signifi-
cant increase in mirror reflectivity over this short wavelength
range.
Figure 3a shows a recorded spectrum of 50 nmol/mol
ethane together with spectra from Hitran and PNNL data-
Fig. 2 Observed decay time for a mixture of 10 nmol/mol ethane
(solid line) in nitrogen and of pure nitrogen (dashed line). An aster-
isk marks a water absorption line
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Fig. 3 a Measurement of 50 nmol/mol ethane (solid black line) and
the comparison with PNNL (red dots) and Hitran (dashed blue line).
Peaks in the measurements marked by an asterisk are due to water va-
por. b Linearity of the peak signal measured at 2990 cm−1 for amount
of substances ranging from 1 to 50 nmol/mol ethane. The correspond-
ing slope is (3.99 ± 0,03) × 10−8 cm−1/(nmol/mol). The inset shows
the corresponding spectra
bases. Our measurements agree within their combined un-
certainty with PNNL. While the peak heights in Hitran
match those of our measurements and of PNNL many of the
weaker lines (giving rise to the absorption in between the
strong peaks) are missing in Hitran. In addition, the position
of the peak at 2986.7 cm−1 in Hitran is shifted in agree-
ment with observations by NASA [24]. The incompleteness
of Hitran is due to the complexity of the ethane spectrum at
3 µm. Many interacting vibrational modes and the presence
of hot bands make it difficult to accurately predict the spec-
trum. This is also recognized in the most recent Hitran paper
which states about the ν7 band at 3.3 µm [13]: ‘. . . this band
is sorely in need of improvement. . . ’. Figure 3b shows the
good linearity of measured absorption coefficients. Amount
of substances below 25 nmol/mol were obtained by dynamic
dilution using mass flow controllers.
4 Experimental results dynamically generated
formaldehyde (CH2O)
Formaldehyde (CH2O) mixtures were prepared from para-
formaldehyde powder (Merck). The paraformaldehyde was
kept in glass diffusion tubes in an oven heated to 60◦C. The
formaldehyde amount of substance was determined by peri-
odic weighing of the diffusion tube and measuring the flow
rate (Fig. 4). High flow rates of typically several l/min were
required as formaldehyde is strongly polar and in order to
get sufficiently low formaldehyde levels.
After subtraction of water vapor and methane interfer-
ence the measurement results agreed excellently with PNNL
(Fig. 5). Also agreement with Hitran 2008 is good except
near 2950 cm−1 where Hitran line strengths are too high. In
Fig. 4 Set-up for dynamic generation of formaldehyde by heating dif-
fusion tubes containing paraformaldehyde to 60◦C
Hitran 2004 most peaks are 30% too weak while the peak at
2950 cm−1 is much too strong. Many of the smaller peaks
are completely absent in this version of Hitran. Formic acid,
which might also be formed, was not detected.
To test the linearity of the system different amount of sub-
stances were made using a set of different diffusion tubes
and dilution flows (Fig. 6). The spectral region lying be-
tween 2949.8 and 2951.3 cm−1 was selected for the CRDS
measurements as absorption of water and methane are very
weak in this wavelength region.
Using the absorption coefficients from PNNL 2.3%
higher amount of substances were found than the values ob-
tained from the weighing. The expanded uncertainty in the
dynamic preparation of formaldehyde in this experiment is
large with 7%. This has been attributed to use of diffusion
tubes with a short neck which led to instabilities in the mass
loss rate. In later experiment using diffusion tubes with a
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Fig. 5 a Measurement of
1.3 µmol/mol formaldehyde
(blue line) and after subtraction
of water and methane
interference (black dashed line).
Good correspondence is
observed with PNNL (red dots).
b Comparison of the cleaned
measurement spectrum (black
line) with Hitran 2004 (blue
dashed line) and 2008 (red line)
Fig. 6 Comparison of the measured (using the PNNL absorption co-
efficients) and set amount of substances. The slope of the linear fit is
1.023 ± 0.008
longer neck, the expanded uncertainty in the amount of sub-
stance could be reduced to 3.5%.
5 Experimental results benzene (C6H6),
acetone (C3H6O), and propane (C3H8)
At atmospheric conditions, the spectra of acetone, propane
and benzene in the 3 µm region do not exist out of well-
isolated lines but of a very broad absorption band spanning
from 100 to 200 cm−1. Recording the entire spectra would
be very time-consuming with the current set-up as it requires
multiple changes in the crystal temperature. Therefore we
chose to focus on the Q-branch regions which are much nar-
rower but still specific for each molecule.
Figure 7 shows a measurement of 1 µmol/mol benzene
around 3100 cm−1. This feature is relatively narrow and was
therefore chosen instead of the 30% stronger but broader ab-
sorbing feature centered at 3047 cm−1. After subtraction of
water vapor interference, good agreement is obtained with
both NIST and PNNL databases.
Fig. 7 Measurement of 1 µmol/mol benzene (black line) and after sub-
traction of water vapor interference (dashed grey line). Spectra from
PNNL (black dots) and NIST (black squares including expanded un-
certainty) database are also shown
For acetone a 5 µmol/mol mixture was available. The ab-
sorption by this sample is too high at the peak of the absorp-
tion and therefore the mixture was diluted with pure nitro-
gen using mass flow controllers to an amount of substance
fraction of 1.67 µmol/mol (Fig. 8).
Qualitatively good agreement is obtained with both
PNNL and NIST databases. However the values we mea-
sured are consistently 5% higher, most clearly visible at
the peak of the absorption. Measurements with new mix-
tures are planned to sort out the difference. From the inset
in Fig. 8, it can be seen that the maximum absorption coeffi-
cient that can be measured is about 10−5 cm−1 at this mirror
reflectivity; above this the recorded spectrum becomes un-
reliable.
For propane a 1 µmol/mol mixture was available. As
propane absorbs very strongly at 3 µm, the mixture was
further diluted using mass flow controllers to yield a con-
centration of 200 nmol/mol. This resulted in an increased
uncertainty in the amount of substance of (2.00 ± 0.03) ×
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Fig. 8 Measurement of 1.67 µmol/mol acetone (solid blue line) and
the comparison with PNNL (grey dots) and NIST (squares) database.
The inset shows a measurement of 5 µmol/mol (black line) and a
scaled measurement of 1.67 µmol/mol (grey dashed line, multiplied
by 5/1.67)
Fig. 9 Measurement of 200 nmol/mol propane (solid line) and the
comparison with PNNL database (red dots including expanded uncer-
tainty)
10−7 mol/mol. Figure 9 shows the results. Absorption coef-
ficients match within their combined uncertainty (<3% for
the PNNL data and 3.4% for our data).
6 Application to purity analysis
Pure reference materials play an essential role in the trace-
ability chain for chemical measurements as one has to iden-
tify the entities concerned. The high sensitivity of our set-up
renders it very suitable to quantify the often low levels of im-
purities present. Not only infrared-inactive molecules (e.g.,
nitrogen and oxygen) but also many infrared active mole-
cules can be analyzed for their purity due to the wide tuning
capability of the OPO.
Fig. 10 Measurement of CO with purity 4.7 (solid blue line) and the
corresponding fit (dashed red line) which is the sum of the absorption
of 1.6 µmol/mol H2O (dashed black line) and 12 nmol/mol CH4 (dot-
ted red line). The solid black line represents the residual of the mea-
surement and the fit. Individual H2O and CH4 spectra were recorded
in nitrogen. A small background absorption of 3 × 10−8 cm−1 was
subtracted from the measurement data (due to the presence of a large
absorbing molecule or far wing absorptions by CO)
Figure 10 depicts a measurement of pure carbon monox-
ide (CO) which reveals several absorption peaks that can
be attributed to H2O and CH4. The measured spectrum can
be well fitted by the spectra of H2O and CH4 that were
recorded before hand in nitrogen. This indicates that the
pressure broadening coefficients must be similar in these
two matrices.
Figure 11a shows the measurement of two pure methane
samples containing different traces of water vapor. The
measured spectrum consists of methane and water absorp-
tion on top of a broad background absorption of about
3.3 × 10−6 cm−1. Such high background absorption was
found in methane from different suppliers. It is due to
far wing absorptions by methane itself. Also shown is
the methane spectrum as calculated from Hitran 2008.
No broad background is present, as in our calculation we
did not take into account the contributions from distant
methane lines which are up to 6 orders of magnitude higher.
Band absorption data for methane have been developed as
methane dominates part of the infrared spectra of the gi-
ant outer planets and Titan. From the data of Irwin and
co-workers a three times higher background absorption of
1×10−5 cm−1 can be derived at this wavelength range [25].
Nevertheless, a quite good correspondence between Hitran
2008 and our measurements is observed taking into ac-
count that the absorption is weak (maximum line strength
1.6 × 10−26 cm−1/(molecule cm−2)). The quality of the
methane data in this wavelength range has been drastically
improved in this version of Hitran as compared to Hitran
2004, which suffered from incorrect line positions and in-
tensities.
Figure 11b shows the difference spectrum of the wet and
dry methane samples. The shape of this spectrum is signif-
Quantitative gas measurements using a versatile OPO-based cavity ringdown spectrometer 389
Fig. 11 a Recording of two methane samples containing a high (grey
dots) and low (solid black line) amount of water vapor. Also the CH4
spectrum (grey solid line) calculated from Hitran is shown. b Differ-
ence spectrum of the high and low humidity CH4 samples (dashed blue
line). For comparison the measured (solid black) and Hitran (light red
dots) spectrum of 25 µmol/mol H2O in N2 is shown
icantly different from the H2O spectrum as recorded in ni-
trogen, indicating different pressure broadening coefficients.
The amount of substance of water vapor is obtained by in-
tegration of the area under the spectra yielding 21 µmol/mol
for the wet sample and less than 2 µmol/mol for the dry sam-
ple.
7 Discussion and conclusions
A versatile OPO-based CRDS spectrometer was presented
for quantitative gas measurements. The wide tuning range of
the OPO enables detection of tens of different compounds.
Compounds included several molecules with broad absorp-
tion patterns such as acetone and benzene which could be
specifically measured by recording the Q-branch spectra.
Good agreement was obtained with PNNL and NIST data-
bases while agreement with Hitran for in particular ethane
and to lesser extent also formaldehyde was less satisfactory.
This work shows that results from CRDS are quantitative
and are comparable with the FTIR data from PNNL and
NIST (which were recorded at much higher concentration
levels). With the current state of the art it is not advisable
for most molecules to solely rely on Hitran as a source for
quantitative gas measurements.
The presented system can be significantly improved in a
number of ways. Currently, spectra spanning up to 7 cm−1
can be readily recorded using a combination of pump and
etalon tuning. Access to wider spectral ranges requires time-
consuming temperature tuning of the PPLN crystal. To over-
come this, one could replace the pump laser by an external
cavity tunable low power seed laser in combination with a
high power fiber amplifier. The latter are becoming rapidly
cheaper and continuous tuning over hundreds of wavenum-
bers should be feasible [26]. An additional advantage is that
(nearly) all measurements can be done in a single period of
the crystal while currently tweaking of the idler beam may
be required upon changing the crystal period. To increase
the sensitivity of the system further we are currently testing
new cavity ringdown mirrors with a higher reflectivity. In
addition, we plan to lock the cavity to the OPO wavelength
to increase the number of ringdown events that are sampled
per second by a factor of 10 to 1000 [27]. The combined
effect of these two measures should lead to 10–100 lower
detection limits for most molecules. Finally, better mode-
matching and temperature control of the cell are needed to
push the expanded uncertainty in the measurements to less
than 1%.
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